Dopaminergic (DA) neurons exhibit a short-latency, phasic response to unexpected, biologically salient stimuli. The superior colliculus (SC) is also sensitive to such stimuli and sends a projection directly to DA-containing regions of the ventral midbrain. Recent evidence suggests that the SC is a critical relay for transmitting short-latency visual information to DA neurons. An important question is whether the ventral midbrain is an exclusive target of tectonigral neurons, or whether the tectonigral projection is a collateral branch of other tectofugal pathways. Double-label retrograde anatomical tracing techniques were used to address this issue. Injections of either Diamidino Yellow or Fluorogold into substantia nigra pars compacta (SNc) were combined with larger injections of True Blue into one of the following efferent projections of the SC: 1) target regions of the ipsilateral ascending projection to the thalamus; 2) the crossed descending tectoreticulo-spinal pathway; 3) target structures of the ipsilateral descending projection; and 4) the contralateral superior colliculus. Moderate numbers of double-labeled neurons were observed following combined injections into substantia nigra and individual nuclei in the thalamus (ventromedial nucleus, 21.3%; central lateral, 18.4%; parafasicular nucleus 6.0%). Much less double-labeling was associated with injections into either of the descending projections (crossed, 1.0-3.2%; un-crossed, 0.2-2.7%) or the contralateral SC (0.7-1.9%). These results suggest: i) the SC may provide a coordinated input concerning the occurrence of unpredicted sensory events to both the substantia nigra and striatum (via the thalamus); and ii) few gaze-related motor signals are simultaneously relayed to DA-containing regions of the ventral midbrain.
phasic DA signal may have a broader role than reward alone (Schultz, 1998; Guarraci and Kapp, 1999; Redgrave et al., 1999b; Horvitz, 2000) .
Given that DA neurons appear particularly sensitive to unpredicted sensory events, we have argued that a good strategy to achieve a better understanding of the role of DA neurons is to investigate the information-processing capacities of the afferent sensory structures that control their activity (Coizet et al., , 2006 Comoli et al., 2003; Dommett et al., 2005) . Consequently, we have shown that the midbrain superior colliculus (SC), well known for its direct multisensory inputs (Stein and Meredith, 1993) , has a significant influence on the activity of neurons located in the ventral midbrain, including SNc and the ventral tegmental area Comoli et al., 2003; Dommett et al., 2005) . These results may, in part, be understood in terms of the discovery of a previously unreported direct projection from the midbrain SC to DA-containing regions of the ventral midbrain. This "tectonigral" projection has now been reported in rat , cat (McHaffie et al., 2005) , and now has also be found in monkey (May, Stanford, McHaffie, Jaing, Coizet, Redgrave, and Haber, unpubl. obs.) . Taken together, the results of these investigations suggest that the SC is the primary, if not unique, source of short latency visual afferents to DA neurons.
Identification of the SC as the most likely source of short latency visual input to the ventral midbrain carries with it the implication that the visual properties of DA neurons are likely to be heavily constrained by the visual processing capacities of the SC (Wurtz and Albano, 1980; Sparks, 1986; Stein and Meredith, 1993) . Thus, in mammals, most visually responsive cells in SC are transiently activated 40-60 ms after the appearance, disappearance, or movement of a stimulus within a specific region of the visual field. Collicular neurons respond poorly, if at all, to contrast, velocity, wavelength, or geometric configuration of visual stimuli (Wurtz and Albano, 1980) . These electrophysiological properties of SC neurons suggest that the visual information content of phasic short-latency dopamine responses may be largely restricted to stimuli that appear, disappear, or move.
With this sensitivity to biologically significant visual transients, emphasis has been placed on the role of the SC in orienting the head and eyes toward unexpected objects in the visual field (Grantyn, 1988; Munoz and Guitton, 1989; Wurtz, 1996; Sparks, 1999; Grantyn and Moschovakis, 2004) . This concept was extended to include its involvement in directing the eyes, head, and body away from potentially threatening stimuli (Dean et al., 1989; Brandao et al., 1994 Brandao et al., , 1999 . Shifts of gaze toward or away from sensory stimuli are produced by the SC through direct efferent descending projections to the motor systems in the brainstem and spinal cord responsible for generating eye, head, and body movements (May, 2006) . These pathways can be subdivided into: 1) a crossed descending projection that contacts targets in the contralateral brainstem including precerebellar nuclei such as reticularis tegmentis pontis, the inferior olive, and premotor regions of the pontine and medullary reticular formation and spinal cord (Huerta and Harting, 1984; Dean et al., 1986; Redgrave et al., 1986 Redgrave et al., , 1987 Yeomans and Tehovnik, 1988; Grantyn, 1988; Masino and Knudsen, 1992; Grantyn and Moschovakis, 2004) ; and 2) an ipsilateral descending projection with terminations in the periaqueductal gray, cuneiform area, lateral pons, and ventral pontine/ medullary reticular formation (Huerta and Harting, 1984; Dean et al., 1988; Mitchell et al., 1988; Redgrave et al., 1986 Redgrave et al., , 1987 Shehab et al., 1995) . In the rat, the SC cells of origin of these two projections are separately localized subregions of the intermediate and deep layers of the SC (Redgrave et al., , 1987 (Redgrave et al., , 1990 Bickford and Hall, 1989; Yasui et al., 1994) . Experimental data have shown that approach responses are mediated primarily through the contralateral descending pathway (Yeomans and Tehovnik, 1988; Dean et al., 1989; Masino and Knudsen, 1992; Redgrave and Wang, 1996) , whereas avoidance behaviors rely more heavily on the ipsilateral descending pathway Mitchell et al., 1988; Shehab et al., 1995) .
In addition to its descending pathways to the brainstem, the SC also has ascending efferent projections to the pretectum (Lugo-Garcia and Kicliter, 1987; Kubota, 1989; Lagares et al., 1994) and thalamus (Yamasaki et al., 1986; Abramson and Chalupa, 1988; Berson and Graybiel, 1991; Kolmac and Mitrofanis, 1998; Linke, 1999; Linke et al., 1999; Harting et al., 2001) , some of which appear to be collateral branches of axons projecting to the brainstem (Chevalier and Deniau, 1984; Redgrave et al., 1986; Bickford and Hall, 1989) . This third major efferent pathway directly links the intermediate and deep layers of SC with the central-lateral, paracentral, central-medial, and parafascicularis nuclei of the thalamus (Chevalier and Deniau, 1984; Yamasaki et al., 1986; Krout et al., 2001) . It has been suggested that SC transmits an integrated, multimodal representation of the external environment to the thalamus (Grunwerg and Krauthamer, 1990; Krauthamer et al., 1992) . However, it is significant that ascending projections from SC specifically target regions of the thalamus that provide the main thalamic input to the major input structure of the basal ganglia, the striatum (Mengual et al., 1999; Harting et al., 2001; Krout et al., 2001 ; Van der Werf et al., 2002; Kimura et al., 2004) . This arrangement suggests that SC is an important afferent source of sensory information to the basal ganglia via relays in the thalamus (McHaffie et al., 2005) .
Finally, another substantial collicular output connects the two SC on both sides of the brain (Edwards, 1977; Behan, 1985; Sahibzada et al., 1987; Appell and Behan, 1990; Olivier et al., 1998 Olivier et al., , 2000 . This tecto-tectal pathway originates mainly from the deep and intermediate layers of the SC to project in the same areas on the contralateral side. The traditional view is that these commissural fibers may, in part, mediate mutually suppressive effects on the output of the contralateral colliculi to prevent competing responses in the opposite direction (Sprague, 1966; Munoz and Istvan, 1998) .
This brief review of the output anatomy of the SC suggests that its major efferent connections are with premotor and precerebellar nuclei in the brainstem, and with prebasal ganglia relay regions in the thalamus (May, 2006 ). An immediate and important question, therefore, concerns the relationship between the recently discovered tectonigral projection and the well-established output projections of the SC (May, 2006) . Specifically, do tectonigral fibers represent a collateral projection system that branches from one or more of the previously characterized efferent projections, or are they a functionally independent output system? The main purpose of the present study was to address this issue through the use of double-label retrograde anatomical tracing techniques. The injection of one fluorescent retrograde tracer into the SNc was combined with the injection of a different colored tracer into one of the SC's established output projections. The resulting proportions of double-labeled neurons were used as a measure of collateralization between the tectonigral projection and the SC's other principal output projections. Some of the present results have appeared in abstract form .
MATERIALS AND METHODS
Hooded Lister rats (n = 32; male; 424-685 g) were injected with one of the retrograde fluorescent tracers Diamidino Yellow (Keizer et al., 1983; Conde, 1987) or Fluorogold (Richmond et al., 1994; Novikova et al., 1997; Lanciego et al., 1998) into SNc and a second injection of the fluorescent tracer True Blue (Illert et al., 1982; Payne and Peace, 1989) into either the contralateral descending predorsal bundle, target regions of the ipsilateral descending pathway, the contralateral SC, or target regions in the thalamus of the ipsilateral ascending projection. All procedures were carried out in accordance with the Animals (Scientific Procedures) Act, 1986, and every effort was made to minimize suffering and reduce the number of animals used
Surgical procedures
The animals were anesthetized with an intraperitoneal injection of a mixture of Ketaset (0.765 mL/kg) and Rompum (1.1 mL/kg) and placed in a stereotaxic frame with the skull level in the plane employed by the stereotaxic atlas of Paxinos and Watson (1987) . Throughout the surgery the temperature of the rat was maintained at 37°C by a thermostatically controlled heating blanket.
Substantia nigra pars compacta injection-All the animals (n = 29) received an injection of either Diamidino Yellow (Sigma, St. Louis, MO) or Fluorogold (Fluorochrome LCC, Molecular Probes, Eugene, OR) into SNc using the following stereotaxic coordinates: (AP: −5.2 to −6.04 mm from bregma; ML: 1.4-2.6 mm from midline; and DV: −7.3 to −8.2, from the surface of the brain). Because the density of tectonigral fibers is greatest in the lateral half of substantia nigra pars compacta , most of our injections of retrograde tracer were aimed at this region. A contralateral approach using an angle of 38°w as used to avoid damage or contamination of the ipsilateral SC. Diamidino Yellow was injected as a 2% suspension in distilled water (100-250 nL; 100 nL/min; n = 11) via a sharpened 30G injection cannula connected with polyethylene tubing to a 10-μl Hamilton syringe driven by a Harvard infusion pump. Fluorogold was injected as a 4.0% solution in distilled water (45-100 nL; n = 18) via a glass micropipette (tip diameter: 10-20 μm) using a compressed air pressure-injection system. The SNc is a thin (0.5-0.8 mm), tilted sheet of neurons positioned between fibers of the medial lemniscus and substantia nigra pars reticulata. Because of the right-angled approach to the long axes of pars compacta, we used electrophysiological recording procedures to improve the successful depth placement of these injections. Therefore, the pipette/cannula was joined to a Parylene-C-insulated tungsten microelectrode and the assembly lowered with a microdrive (David Kopf Instruments, Tujunga, CA) until the electrophysiological record showed an absence of activity (usually ~−8.00 mm below the surface of the brain) normally corresponding to the lemniscal fiber tract. Shortly after (0.5-1.0 mm deeper), the record typically revealed the presence of fast-firing low-amplitude activity characteristic of neurons in substantia nigra pars reticulata (Chevalier and Deniau, 1990) . As soon as this activity was detected the tracer injection was made at this level.
True Blue injections-Once the substantia nigra pars compacta injection had been made, each rat was given one, or sometimes a series, of comparatively large True Blue injections (Sigma) (5% in water; 500-2000 μL; 250 nL/min) via a 28G injector needle connected to a 10-μL Hamilton syringe placed in a Harvard infusion pump. Targets for the True Blue injections included the following (all numbers are expressed in mm with AP measurements relative to bregma, ML measurements relative to midline, and DV measurements relative to the surface of the brain):
• Ipsilateral ascending projection: Rostral intralaminar thalamus (n = 3) (AP: −3.3 to −3.8; ML: 1.0 to 1.8; DV: −4.4 to −6.4). Caudal intralaminar and ventromedial thalamus (n = 4) (AP: −3.8 to −4.2 and −4.5; ML: 1.00; DV: −4.1 to −6.2).
• Ipsilateral descending projection: Cuneiform nucleus (n = 2) (AP: −8.00 to −8.3; ML: 1.8 to 2.0; DV: −5.8 to −6.3). Parabigeminal nucleus (n = 1) (AP: −8.00; ML: 3.00; DV: −6.2). Pontine reticular formation (n = 2) (AP: −8.3; ML: 2.0; DV: −10.0). Pedunculopontine nucleus (n = 2) (AP: −8.0 to −8.3; ML: 1.8 to 2.0; DV: −7.2 to −7.4).
• Crossed descending projection: Contralateral descending fibers at the level of the medial pontine reticular formation (n = 7) (AP: −9.2 to −10.3; ML: 0.4 to 1.2; DV: −5.4 to −10.0).
• Tectotectal projection: The contralateral SC (n = 3) (AP: −6.3 to −6.8; ML: 0.4 to 0.8; DV: −3.6 to −3.8).
Histology
After 7 days to allow time for the retrograde transport of the fluorescent labels, animals were deeply anesthetized and perfused transcardially with 0.9% isotonic saline followed by 10% formalin in 0.1 M phosphate buffer at pH 7.5 (0.1 M, PB). The brains were placed immediately in the formalin for 4 hours before being cryoprotected by immersion in a sucrose solution (20% in 0.1 M PB) overnight. The next day, 30-μm coronal sections were cut on a freezing microtome and collected directly onto slides, allowed to dry in a lightprotected box, then coverslipped with DPX mountant. The injection sites and retrogradely labeled cells in the SC were examined with a fluorescence microscope equipped with episcopic illumination (Nikon Elipse E800M) and a UV excitation filter (330-380 nm). Photomicrographs were captured with digital photography (Spot-2 digital camera, Diagnostic Instruments, Sterling Heights, MI) and all image files were processed using Photoshop (Adobe, San Jose, CA), and FreeHand (Macromedia, San Francisco, CA) software. The images were corrected for contrast, brightness, and color balance.
Injection sites
All injection sites were determined by taking two photographs containing the largest manifestation of the tracer injection (Fig. 1 ). The first picture (Fig. 1A ,D) was taken with polarizing filters in the light path, which highlighted the brain's internal structures and fiber tracts. The second picture (Fig. 1B ,E) was taken with the appropriate fluorescence filters in place. From this picture the various zones of the injection site were plotted. Previous experience with the fluorescent retrograde tracers (Redgrave et al., , 1987 (Redgrave et al., , 1990 indicated that reliable retrograde transport occurs mainly from the densely labeled central zone of the injection site, while transport from the surrounding fluorescent halo is minimal (Fig. 1) . In the present study, this observation was confirmed in several control cases (not illustrated) where the central zone of the Fluorogold injection was centered ventrally in SN pars reticulata and the surrounding halo extended dorsally covering large parts of SNc. In these examples SC cells retrogradely labeled with Fluorogold were largely absent.
Retrograde tracing
Three coronal sections through the SC separated by ~0.5 mm (equivalent to −6.3, −6.8, and −7.3 mm caudal to bregma in the atlas of Paxinos and Watson, 1986) were selected for detailed analysis. A series of pictures were taken at high magnification (100×) with the Spot-2 digital camera. The pictures were imported into a graphics program (Macromedia FreeHand) and montaged to provide an entire photographic representation of the SC on one side of the brain. Using the graphics facilities of Free-Hand, the outlining borders and layers of the SC were drawn over the montage. The scheme used for layering within the rodent SC is the one used previously in this laboratory and is based on the morphometric study of Albers et al. (1988) (i.e., SGS, stratum griseum superficiale; SO, stratum opticum; SGI, stratum griseum intermediate; SAI, stratum album intermediate; SP, stratum profunda). Each layer was then bisected into a medial and a lateral zone as described previously by Telford et al. (1996) . The resulting subdivisions of the SC are illustrated in Figure 2 . For each section, single-and double-labeled tectonigral cells that appeared in each SC subdivision were plotted using a combination of the underlying photomontage and visual inspection of the tissue with the fluorescence microscope. Also, for each of the SC subdivisions in each section, the number of single-labeled cells containing blue dye transported from one of the other SC output projections was, in most cases, counted but not plotted. However, the regional distribution of True Blue-labeled cells was recorded for the central section (AP −6.8) of the SC of illustrated cases and included in Figure differ in area, a density measure of single and double retrograde labeling was calculated (cells/mm 2 ) for comparative purposes. The area of each sector was measured using the areatool in the Spot 2 image processing and analysis software (Diagnostic Instrument).
Data analysis
Statistical analyses were conducted, first to characterize the distribution of tectonigral cells of origin within the SC, then to provide a comparative evaluation and analysis of the distribution of double-labeled cells arising from the various combinations of Fluorogold and True Blue injections.
Regional distribution of tectonigral neurons-Cases were selected for this analysis when the Diamidino Yellow/Fluorogold injection site was localized in SNc, although encroachment of the injection site into underlying SN pars reticulata was accepted. This was because anterograde tracing data show that projections from SC to SN pars reticulata are minor and may provide input to the population of ventrally displaced DA neurons (Gonzalez-Hernandez and Rodriguez, 2000) . Quantitative differences in the regional distribution of tectonigral cell densities (single label yellow + double-labeled neurons) within the SC subdivisions were analyzed using an analysis of variance (ANOVA) with the following three factors:
• "Rostro-caudal" factor with 3 levels (−6.3, −6.8, −7.3);
• "Medio-lateral" factor with 2 levels (medial or lateral);
• "Layers" factor 5 levels (SGS, SO, SGI, SAI, and SP).
The Fisher post-hoc test was used to analyze significance between specified levels of the factors that underlie significant main effects in the ANOVA.
Regional distribution of double-labeling-Cases were selected for this analysis according to the following criteria: 1) There was robust retrograde labeling with True Blue in the SC confirming that the "other" projection was well-labeled. This maximized the likelihood of observing double-labeling in tectonigral neurons, if axon branching was present. 2) In cases where sparse double-labeling was observed, encroachment of the nigral injection site from SNc into overlying tissue was accepted. In such cases the largely negative result could only reflect an overestimation of the degree of collateralization of the tectonigral projection. 3) In cases where significant numbers of double-labeled cells were found, the injection of yellow dye into SNc had to be confined to pars compacta, with or without encroachment into underlying pars reticulata. These criteria were adopted to maximize the number of useful cases. The relative proportions (%) of single-and doublelabeled tectonigral cells were determined for each of the SC subdivisions. A quantitative analysis of the percentage of double-labeled cells in cases with injections into the SC's ascending and descending projections was conducted using the Mann-Whitney U-test. A subsequent multiple factor ANOVA was used to compare the distributions of double-labeled cells associated with ascending and descending projections, according to their location in the SC (in terms of layer, mediolateral, and rostrocaudal position).
RESULTS

Injection sites
Our use of electrophysiological recording procedures to guide the final location of injections into SNc ensured that, in most cases, at least part of the central zone of the nigral injection was located in pars compacta (Figs. 1, 5 ). Although the nigral injection sites involving Diamidino Yellow (e.g., Fig. 5A ) were more restricted than those of Fluorogold (e.g., Fig. 5B-H), the Diamidino dye was associated with significantly fewer retrogradely labeled in the SC (Diamidino Yellow, mean density = 26.5 cells/mm 2 ; Fluorogold, mean density = 69.7 cells/mm 2 ;F = 44.7; P < 0.0001). However, the relative distribution of retrogradely labeled cells among the different regional sectors of the SC was similar for both tracers. Although considerably larger, the True Blue injections were also well directed to their intended targets (Fig. 5) . In most cases, very large numbers of neurons retrogradely labeled with True Blue were found in the SC, indicating that the relevant efferent projection had been well-labeled (Fig. 5) .
Identification of retrogradely labeled neurons-As Diamidino Yellow is a nuclear stain (Keizer et al., 1983) , cases of double-labeling with this tracer were revealed in the form of a white nucleus surrounded by blue neuronal cytoplasm (Fig. 3A) . When double-labeling was produced by combined injections of Fluorogold and True Blue, which are both cytoplasmic stains, judgments had to be made between single-(yellow or blue) and doublelabeled (white) neurons (Fig. 3B,C) . Given that the purpose of the study was to determine the extent of axonal branching in the tectonigral projection system, together with the consequent size differences in the yellow and blue injections, we saw no advantage of plotting the distributions of cells single-labeled with True Blue on the same diagram. Finally, so that the distribution of double-labeled neurons was not overwhelmed, singlelabeled tectonigral neurons were plotted using a ratio of one dot for five labeled neurons, while each double-labeled neuron is presented by a single dot (Fig. 5 ).
Regional distribution of tectonigral neurons
Of the animals used in this study (n = 29), 21 were included for the analysis of the regional distribution of tectonigral neurons in the SC. As intended, the injection sites of these animals were mainly localized in the central and lateral part of SNc (n = 17), with fewer located more medially (n = 4). The main results of the distribution analysis were as follows: 1) The numbers of retrogradely labeled tectonigral cells varied significantly across the layers of the SC ( were found in lateral sectors only for the intermediate layers (Fig. 4) .
Double-labeled cells
Although for each of the major efferent projections we have several confirming cases, the double-labeling results are presented on a typical case basis with the example best representing the group selected for presentation. Thus, the selected examples all had large numbers of retrogradely labeled blue cells in the SC combined with well-restricted injections of yellow dyes into SNc. It should be noted that the total numbers of retrogradely labeled cells in the SC refer to the number of single-labeled, plus double-labeled cells counted on the three selected sections of the SC (−6.3, −6.8, and −7.3) for any specific injection of True Blue or Diamidino Yellow/Fluorogold.
Ascending projections
Central-lateral nucleus (Fig. 5A ): This case contained a large injection of True Blue that was centered on the rostral central-lateral thalamic nucleus, with a small encroachment into the adjacent mediodorsal thalamus. This injection labeled 3,478 cells in the selected sections of the SC. These cells were spread over the intermediate and deep layers of the SC, with a tendency to concentrate in SGI. Because the central lateral nucleus is principally targeted by the medial SC (Krout et al., 2001) , together with the with medial-medial topography in the tectonigral projections , this injection was combined with an injection of Diamidino Yellow into medial SN, which involved medial parts of pars reticulata extending dorsally into pars compacta. This small injection labeled a relatively small population of 389 SC neurons. The distribution of the tectonigral cells in this case was similar to that of the general tectonigral population (Fig. 4) . However, even within this small population of retrogradely labeled cells, a relatively high proportion were double-labeled (18.4% overall), rising to 26.5% in the region containing the highest proportion of doublelabeled cells (lateral SAI).
Rostral thalamic injections (additional cases, not illustrated):
An injection, similar in many respects to the central-lateral injection described above but displaced ~0.5 mm medially into the medial dorsal nucleus, gave rise to substantially fewer (2,061) retrogradely labeled cells in the SC. This injection was combined with an injection of Fluorogold into lateral SNc. While this injection retrogradely labeled significantly more tectonigral cells (2,390), a much lower proportion were double-labeled (4.7%, cf. 18.4% for the case illustrated in Fig. 5A ). A second control case contained a True Blue injection that was displaced medially and dorsally into the lateral posterior thalamic region, and an injection of Diamidino Yellow centered on the medial SN. Again, in this case the thalamic injection produced numerous retrogradely labeled cells in the SC (5,401), although this time with a heavy concentration in the superficial layers. However, the cells in the intermediate and deep layers contained a far lower proportion of double-labeled tectonigral neurons (2.0%).
Parafasicular nucleus (Fig. 5B) : This animal received a large injection of True Blue into the caudal parafasicular thalamic nucleus, with some encroachment of the injected dye into the overlying anterior pretectum. This injection produced extensive retrograde labeling throughout the SC (5,400), including the medial superficial layers, presumably as a result of the injection involving the pretectum (Lieberman et al., 1985; Kubota, 1989) . The thalamic injection was combined with one of the larger injections of Fluorogold, the central zone of which was confined to the lateral substantia nigra including both pars compacta and pars reticulata. The retrograde transport from the nigral injection extended throughout the SC, with some concentration in the rostrolateral intermediate layers. Together, the two injections produced a lower level of double-labeled tectonigral cells (6.0%), but again with a clear concentration in the lateral SAI sector (14.9%).
Caudal thalamic injections (other cases not illustrated):
Two other animals had injections of True Blue into the parafasicular thalamus combined with injections of Fluorogold into SNc. In both cases, similar proportions of double-labeled cells to those described for the case in Figure 5B were observed (4.3% and 8.6%).
Ventromedial nucleus (Fig. 5C) : A large injection of True Blue was centered on the ventromedial nucleus of thalamus, with some spread dorsally into the ventral posterior and paracentral nuclei. Although this injection was at least as large as those in the previous illustrated cases (Fig. 5A,B) , considerably fewer SC cells were retrogradely labeled (2,338), of which about half were concentrated in the lateral SAI sector. This injection was combined with an injection of Fluorogold whose central core was confined to the lateral substantia nigra pars compacta. Again the overall distribution of retrogradely labeled cells in the SC conformed to that of the general tectonigral population (Fig. 4) . Moreover, this case had both the highest overall proportion (21.3%) and the highest regional proportion (29.1%) of double-labeled cells (lateral SAI) observed in the present study.
Crossed descending projection
Contralateral predorsal bundle (Fig. 5D) Bickford and Hall, 1989) were double-labeled with Fluorogold.
Crossed descending projection (other cases not illustrated):
Nigral injections of either Diamidino Yellow or Fluorogold were combined with True Blue injections into the contralateral ventromedial pontine reticular formation, medial medulla (n = 3), and periabducens area. Despite the presence of numerous cells singly labeled with either of the two dyes, the overall proportion of double-labeled tectonigral neurons in each case never exceeded 1%.
Ipsilateral descending projection
Cuneiform nucleus (Fig. 5E) : A large injection of True Blue centered on the cuneiform nucleus produced a high density of retrogradely labeled cells concentrated in the SGI and SP layers of the SC. This injection was combined with an injection of Fluorogold centered on the lateral part of SNc. Despite large numbers of singly labeled blue (3961) and yellow cells (3630) in the SC, only 2.6% of the tectonigral cells were double-labeled. This result was confirmed by a second case involving an injection into the cuneiform nucleus in which even fewer (0.2%) tectonigral neurons were double-labeled (not illustrated). Fig. 5F ): An injection of True Blue centered on the pedunculopontine nucleus retrogradely labeled many cells in the SC (4,285). These neurons were mainly distributed in SGI and SP, with a clear concentration in the medial SC. This injection was combined with a smaller injection of Fluorogold into lateral substantia nigra, producing retrogradely labeled cells (890) throughout the SC, with the typically higher concentration in lateral SAI. Again, only a comparatively small proportion of double-labeled cells were recorded in this case (2.7%). This result was confirmed in a further two cases (not illustrated) in which 3.6% and 2.6% of tectonigral neurons were double-labeled.
Pedunculopontine tegmental nucleus (
Ventrolateral pons (Fig. 5G) : A large injection of True Blue was placed in the SC ipsilateral descending efferent fibers and terminal zones in the ventrolateral pons. Again, a large amount of retrograde labeling was observed (4,502) in SGI and SP of the ipsilateral SC. This injection was combined with an injection of Fluorogold, the central zone of which was located slightly more dorsally in SNc and extended into overlying fibers of the medial lemniscus. Note that this injection was associated with a smaller than normal number of retrogradely labeled tectonigral cells (890), although again their distribution was similar to that of the general population (Fig. 4) . As with the previous cases involving targets of the SC's ipsilateral descending projection, only a small proportion of the tectonigral cells were double-labeled (2.7%).
layers of the SC (6,155). This injection was combined with an injection of Diamidino Yellow into the lateral SNc. Again, despite significant levels of single-labeling, only very few (0.5%) tectonigral cells were double-labeled.
Tecto-tectal projection
Contralateral SC (Fig. 5H) : A large injection of True Blue was placed medially in the contralateral SC with the intention of involving a large proportion of the crossing tecto-tectal fibers. This injection produced a substantial number (1,639) of retrogradely labeled cells that were concentrated in medial SGI and SP. The injection of Fluorogold into the lateral substantia nigra produced a total of 2,690 tectonigral cells whose distribution conformed to that of the general population (Fig. 4) , and of which only 0.7% were double-labeled. This result was replicated in a further two cases (not illustrated) in which the double-labeling of tectonigral neurons was 1.9% and 0.9%, respectively.
Quantitative analysis of double-labeled cells
To assess the difference in levels of double-labeling associated with the ascending and descending SC projections, we compared the overall percentages of double-labeled cells in all the above cases (ascending cases n = 7; descending cases n = 16). A nonparametric statistical analysis confirmed that a significantly higher proportion of double-labeling was associated with combinations of nigral and ascending projection injections (ascending projection mean = 9.3%; descending projection mean = 1.5%: Mann-Whitney U = 6.0; P = 0.0008). Note that the comparatively low overall mean values, especially for the ascending projections, reflects the inclusion of all regions of the SC (Fig. 2) , some of which were sparsely populated with double-labeled neurons, and cases where the True Blue injection was not ideally centered on SC target zones.
To test whether the distribution of double-labeled cells within the SC subregions varied systematically, we confined our analysis to the two groups of illustrated cases that contained the best targeted injection sites: 1) those with True Blue injections into targets of the ipsilateral ascending projections (cases in Fig. 5A-C) ; and 2) those with injections into the descending projection fibers and targets of the SC (cases in Fig. 5D-H) . Because the superficial layers contained no double-labeled cells, they were excluded from the analysis. The distribution of double-labeled cells for the ascending projection group was similar to that of the overall distribution of tectonigral cells with the high density in the lateral SAI sector. In contrast, the double-labeled cells of the descending projection group were more evenly distributed among the regional sectors of the SC (Fig. 6 ).
DISCUSSION
In this study we used retrograde double-label anatomical tracing to investigate whether the recently discovered tectonigral pathway is an independent output pathway of the SC or a collateral branch of one or more of its other major output projections (May, 2006) . Our principal findings were: 1) substantial numbers of tectonigral neurons were double-labeled when nigral injections were combined with second tracer injections into the thalamus; and 2) comparatively few double-labeled neurons were found with combined injections into SN and any of the fiber pathways or targets of the SC's descending projections to the brainstem or the contralateral SC. We will consider these findings first in terms of the methodological issues that could influence their interpretation. We will then discuss our results in terms of the previous anatomical literature and conclude with an evaluation of their functional implications.
Methodological considerations
The fluorescent double-labeling retrograde tracing technique has proven useful to demonstrate branching axonal architectures in different areas of brain (i.e., Kuypers et al., 1980; Cavada et al., 1984; Gonzalo-Ruiz and Leichnetz, 1987; Conde et al., 1990; Nogueira et al., 2000; Erro et al., 2002) including those associated with the SC (Redgrave et al., , 1987 (Redgrave et al., , 1990 Sahibzada et al., 1987; Bickford and Hall, 1989) . Combinations of fluorescent dyes like Diamidino Yellow or Fluorogold with True Blue, all of which have been shown to be efficient retrograde markers (Illert et al., 1982; Keizer et al., 1983; Conde, 1987; Payne and Peace, 1989; Richmond et al., 1994; Novikova et al., 1997; Lanciego et al., 1998) produce single-labeled (yellow or blue) or double-labeled cells (white) that can be viewed simultaneously using the same UV excitation filter (Kuypers et al., 1980) . However, the use of fluorescent dyes for retrograde double-labeling is not without difficulty, and some of the most prevalent issues can be itemized as follows.
1.
The efficiency of uptake and retrograde transport of injected dyes can be variable both for an individual tracer and also between tracers (Illert et al., 1982; Haase and Payne, 1990; Gunturkun et al., 1993; Richmond et al., 1994) . In the present study, potential variability in uptake and transport of dyes was assessed through the use of confirming cases. Thus, the multiple injections of Diamidino Yellow and Fluorogold into the SN that differed slightly in size, location, and efficiency of uptake were associated with a reliable pattern of retrograde labeling in the SC (Fig.  5A-H ).
2.
A problem common to most anatomical tracing is the variable uptake and transport of tracers by individual neuronal elements. Thus, in the present study the intensity of emitted blue and yellow fluorescence by retrogradely labeled cells in the SC varied from intense to barely detectable (Fig. 3) . The variable combinations of variable intensities of the two tracers in double-labeled cells means that the process of identifying double-labeled cells can be quite difficult and is necessarily subjective.
3. Again, a problem that affects some tracers more than others is the potential uptake and transport of the dye from the injection site by nonterminating fibers of passage (Skirboll et al., 1989) . In the present study we used this feature to label simultaneously many components of the SC's crossed descending projection. Thus, effective transport to the SC was recorded when True Blue was injected directly into fibers of the PDB at the level of the medial pontine reticular formation (Fig.  5D ) (see also Redgrave et al., 1986) . On the other hand, it has been reported that some of the forward projecting fibers from the SC to the rostral intralaminar nuclei traverse regions of the caudal intralaminar thalamus (parafasicular nucleus) (Chevalier and Deniau, 1984) . Although it is uncertain whether such fibers also terminate at the level of the parafasicular nucleus, we cannot rule out the possibility that some of the retrograde labeling seen after injections into the caudal thalamus derives from uptake into rostrally projecting, nonterminating fibers of passage.
4.
Perhaps the most serious problem when estimating the proportion of collateral branching within a projection architecture occurs when the pathways to relevant target regions are topographically organized. To establish a true value for both target regions, tracer uptake should be limited to precisely equivalent target zones (which may or may not be the same size/volume in different target structures) of a given population of projection neurons. Clearly, this ideal is rarely (never) achieved. Consequently, the levels of collateralization reported in many studies invariably underestimate the true levels of axon branching. In the present investigation, two strategies were used to minimize this problem: i) The precise location of injection sites was selected according to known projection topographies. For example, the central lateral nucleus has been identified as one of the main thalamic targets of neurons in the medial SC (Krout et al., 2001) . Also, we have previously described a medial-medial, lateral-lateral topography in the tectonigral pathway . For present purposes, we therefore combined injections of True Blue into the central lateral nucleus with injections of yellow dye into medial SN (Fig. 5A) . ii) Wherever possible, the injections of True Blue into target regions or fibers of the main output pathways of the SC were sufficiently large to "fill" the intended structure. Thus, when combined with much smaller subtotal injections into SNc, a better estimate of the extent of the axonal branching of identified tectonigral neurons would be ensured.
Despite these methodological caveats, the present study has established reliable differences in the levels of collateralization between the tectonigral projection and the major ascending and descending projections of the SC. Potentially high levels of axonal branching occurs between SC projections to SNc and various targets in the thalamus, while very little is associated with the SC's descending projections to the brainstem. However, to be confident of this conclusion it is necessary that all our tracer injections were correctly positioned in major target structures of the SC. We shall therefore consider the present retrograde tracing data in the context of previous reports of efferent projections from the SC.
Comparison with previous tracing studies
Tectonigral projection-Using the fluorescent tracers Fluorogold and Diamidino Yellow, we have shown that tectonigral neurons have a regional distribution that largely excludes retrograde labeling of the SC superficial layers (Fig. 4) . Their distribution in the intermediate and deep layers accords well with the original description of the tectonigral projection in rat in which Cholera Toxin subunit b was the retrograde tracer . The observed rostrolateral bias of rat tectonigral neurons (Fig. 4) corresponds to regions of the SC's somatosensory topography that represent the vibrissae (Bruce et al., 1987; Grunwerg and Krauthamer, 1990; Kleinfeld et al., 1999) . In more visually based species such as the cat (McHaffie et al., 2005) and monkey (May, Stanford, McHaffie, Jaing, Coizet, Redgrave, and Haber, unpubl. obs.) , a lateral bias in the distribution of tectonigral neurons is largely absent.
Ascending projections-Ascending projections from the SC to target regions in the thalamus have been established with tract-tracing techniques in a wide range of vertebrate species (Harting et al., 1980 (Harting et al., , 2001 Lysakowski et al., 1986; Abramson and Chalupa, 1988; Berson and Graybiel, 1991; Butler, 1994; Veenman, 1997) including rat (Chevalier and Deniau, 1984; Yamasaki et al., 1986; Kobayashi and Nakamura, 2003) . Of particular relevance to the current investigation was the detailed retrograde tracing study of Krout et al. (2001) in which small injections of Cholera Toxin subunit b were into individual midline and intralaminar nuclei. In general terms, relevant results of the present study accord well with those reported by Krout et al. (2001) , with the widespread and dense labeling of the SC's intermediate and deep layers showing that much of the SC's input to the thalamus will have been included in the uptake zone of the relevant injection sites.
Descending projections-The SC has two major descending projection systems (the ipsilateral and contralateral pathways), both of which contact precerebellar and premotor nuclei in the brainstem (Huerta and Harting, 1984; Dean et al., 1986 Dean et al., , 1988 Redgrave et al., 1986 Redgrave et al., , 1987 Grantyn, 1988; Yeomans and Tehovnik, 1988; Mitchell et al., 1988; Masino and Knudsen, 1992; Shehab et al., 1995; Grantyn and Moschovakis, 2004) . The cells of origin giving rise to these projections in rat are largely segregated and differentially distributed within the SC Bickford and Hall, 1989) . Neurons giving rise to the crossed descending projection are located predominantly in SAI, and are sandwiched between the cells of origin of the ipsilateral descending projection in SGI and SP layers. These differential distribution patterns are also clearly evident in the present data (compare Fig. 5D with 5E-G), and in all cases the dense retrograde labeling of the SC suggests that the intended projections were comprehensively filled.
Tecto-tectal projection-Previous tracing data (Edwards, 1977; Behan, 1985; Sahibzada et al., 1987; Appell and Behan, 1990; Olivier et al., 1998 Olivier et al., , 2000 indicate that the sites of termination of the tecto-tectal projection in the contralateral SC mirrors the locations of the cells of origin. In the present study, our intention was to place injections in the medial contralateral SC to facilitate tracer uptake into local terminals and fibers passing laterally through the injection site. Unfortunately, uptake of True-Blue into nonterminating fibers projecting to the opposite lateral SC was less effective than that achieved when the tracer was injected into the contralateral predorsal bundle. Consequently, only sparse retrograde labeling of the SC's lateral sectors was observed (Fig. 5H) . Following combined injections into the contralateral SC and SNc, low levels of double-labeling in medial regions of the SC were recorded; however, at the present time we cannot be certain this is the case in the SC's lateral sectors.
Organization of ascending projections from the superior colliclus
The main finding of the present study was that significantly more axonal branching was found to occur between tectonigral fibers and ipsilateral ascending projections of the SC than with its descending projections to the brainstem. Within certain subregions of the SC (principally the lateral SAI sector) more than 25% of tectonigral neurons were doublelabeled (18.4% overall) following a combination of injections into the central lateral nucleus of the thalamus and SNc. For the injection into the parafasicular nucleus the proportion of double-labeled tectonigral neurons in SAI was close to 15%, while in the case of the ventromedial nucleus it was nearly 30%. These figures raise the question of whether the double-labeling associated with different projection targets in the thalamus should be considered as separate or overlapping. If they are separate, and ascending projections from the SC to the central lateral, parafasicular, and ventromedial nuclei arise from different populations of SAI neurons, the proportions of double-labeled cells could add to give a total of ~70%. However, the extent to which tectonigral collateral projections to the different thalamic targets are themselves branched would reduce this figure. At present a detailed knowledge of tecto-thalamic architecture is unavailable (McHaffie et al., 2005) and we have work currently in progress to resolve this issue. However, once resolved, the value of conducting a more technically demanding triple-label study involving injections of retrograde tracers into the SNc and two of the identified thalamic targets of the SC would become clear.
Functional implications
Midbrain DA neurons are known to exhibit short-latency, short-duration phasic responses specifically to the onset of unpredicted, multisensory, biological salient events (visual, auditory, and tactile) (Schultz, 1998) . These reliable sensory responses occur very generally across species and experimental situations. In contrast, the activity of DA neurons appears largely unrelated to motor-related events (Schultz, 1998) . Because of this specific sensitivity to sensory stimuli, we have investigated the source of the short-latency sensory input to DA neurons (Coizet et al., , 2006 Comoli et al., 2003; Dommett et al., 2005; McHaffie et al., 2005) . In the case of vision, it appears that the SC is the primary if not exclusive source of short-latency afferent signals. It is within this context that the present results have several important functional implications: 1) Our finding that comparatively few identified tectonigral neurons were double-labeled following True Blue injections into any of the descending fiber systems or brainstem targets of the SC is entirely consistent with the electrophysiological findings that DA neuronal activity appears unrelated to motor output (Schultz, 1998) . This is because the SC's projections to the brainstem carry the motor signals responsible for gaze-shifts toward, or away from, unexpected biologically salient events (Grantyn, 1988; Dean et al., 1989; Grantyn and Moschovakis, 2004; May, 2006) . 2) Many of the descending fibers that carry motor information from the SC to the brainstem have an ascending collateral that terminates in the thalamus (Chevalier and Deniau, 1984; Moschovakis and Karabelas, 1985; Redgrave et al., 1986; Moschovakis et al., 1988; Bickford and Hall, 1989) . It is widely assumed (Yamasaki, 1986; McHaffie et al., 2005 ) that these collaterals carry "efference copies" of gaze-related motor commands issued to the brainstem. The present finding that comparatively few of the sensory dominated tectonigral neurons are double-labeled by injections into the brainstem suggests, by inference, that the tectothalamic pathway contains sensory-components that are unrelated to motor output.
3) The finding that in some subregions of the SC possibly up to 70% of the tectonigral cells could be part of a projection system with branched axons that contact both DA cells in SNc and those regions of the thalamus that contain thalamostriatal projection neurons (Takada et al., 1985; Mengual et al., 1999; Gimenez-Amaya et al., 2000; Van der Werf et al., 2002; Kimura et al., 2004; McHaffie et al., 2005 ) is particularly significant. It suggests that shortlatency sensory signals originating from the SC could be directed simultaneously to two of the principal input stations of the basal ganglia; indirectly via the thalamus to the striatum and directly to SNc (Fig. 7) (Matsumoto et al., 2001; Minamimoto and Kimura, 2002; Morris et al., 2004; Cragg, 2006) . Interestingly, the latencies of visual activity recorded in the striatum (100-250 ms) (Hikosaka et al., 1989; Matsumoto et al., 2001; Morris et al., 2004) suggest that short-latency glutamatergic input from the thalamus (Matsumoto et al., 2001; Minamimoto and Kimura, 2002; Paquet and Smith, 2003; Smith et al., 2004 ) is likely to be temporally coincident with the phasic DA input from substantia nigra (Wightman and Robinson, 2002; Morris et al., 2004; Roitman et al., 2004; Dommett et al., 2005; Cragg, 2006) . Thus, a likely temporal convergence of glutamatergic and DA input to the striatum, both initiated subcortically by the same sensory event, could have important implications for experience-dependent plasticity in the basal ganglia (Calabresi et al., 1997; Arbuthnott et al., 2000; Silkis, 2000; Centonze et al., 2001; Reynolds and Wickens, 2002) . Consequently, the processes most likely to be involved are those associated with selecting responses to (Hikosaka, 1994; Mink, 1996; Redgrave et al., 1999a) and learning about the behavioral significance of biologically salient sensory events (Redgrave et al., 1999b; Matsumoto et al., 2001; Horvitz, 2002; Minamimoto and Kimura, 2002; Wickens et al., 2003; Graybiel, 2005) .
Finally, on a practical note, the possibility of having the same sensory event initiate coincident afferent convergence of glutamatergic and DA input to the striatum could have important implications for how functional magnetic resonance imaging (MRI) studies investigating basal ganglia responses to biologically salient sensory events, including reward, are interpreted (Knutson et al., 2001 (Knutson et al., , 2005 O'Doherty et al., 2001; McClure et al., 2003; Zink et al., 2003; Zink et al., 2004) . The possibility that indirect afferent collaterals from the SC to the striatum via the thalamus could act in concert with phasic input from ascending dopaminergic neurons to influence striatal hemodynamic responses to unpredicted visual events should now be considered. Examples of injection site reconstruction. A-C: The reconstruction of a Fluorogold injection into SNc. D-F: An injection of True Blue into the pedunculopontine nucleus. For sections containing the largest dimensions of the injection site, structure boundaries were identified from a photomicrograph taken with polarizing filters in the light path (A,D). Zones of the injection sites were then estimated from a second picture taken with the appropriate fluorescence filters in place (B,E). Illustrations of the injection sites represent a combination of the two plots (C,F). CNF, cuneiform nucleus; IC, inferior colliculus; ml, medial lemniscus; PAG, periaqueductal gray; PPTg, pedunculopontine nucleus; SNc, SNl, and SNr: substantia nigra pars compacta, lateralis and reticulata, respectively; SC, superior colliculus; scp, superior cerebellar peduncle. Scale bar = 1 mm. A schematic illustration of the proposed convergence of short-latency phasic inputs to the striatum elicited by an unpredicted visual event. Direct retinal input to the superior colliculus could be redirected, via the branched projections described in the present study, to the intralaminar thalamic nuclei and to the substantia nigra pars compacta. At present, the identity of the neurotransmitter(s) used in these branched connections to substantia nigra and the thalamus are unknown. However, consequent phasic inputs to the striatum from intralaminar nuclei (glutamate) and substantia nigra (dopamine) may converge on specific populations of striatal neurons. The timing of visual responses in the striatum and the latencies of phasic dopaminergic input are appropriate for this proposed convergence (see text for details).
